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Abstract 
We study the effect of vertical electric field (E-field) on the electronic properties of multilayer graphene. 
We show that the effective mass, electron velocity and density-of-state of a bilayer graphene are 
modified under the E-field. We also study the transformation of the band structure of multilayer 
graphenes. E-field induces finite (zero) bandgap in the even (odd)-layer ABA-stacking graphene. On the 
other hand, finite bandgap is induced in all ABC-stacking graphene. We also identify the optimum E-field 
to obtain the maximum bandgap in the multilayer graphenes. Finally we compare our results with the 
experimental results of a field-effect-transistor. 
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The research activities in the graphene based materials show a considerable growth due to the 
remarkable physical properties of graphene
1,2
. Graphene has a very large intrinsic carrier mobility
3
, 
which makes it a very promising material for device application. However, a prestine graphene is 
semimetal with zero bandgap
1
, and thus the creation of bandgap is important to enable the application 
of graphene in electronic
4
 and photonics devices
5,6
. One of the methods to induce bandgap in graphene 
is by breaking the inversion symmetri
7-12
 via the application of vertical electric field in bilayer graphenes. 
When a two graphene layers are stacked in the third dimension, the interlayer coupling modifies the 
electronic structure of the graphene layers. Moreover, vertical electric field (E
┴
-field) applied 
perpendicular to the graphene layers would create an interlayer potential asymmetric, which induces 
bandgap. This E
┴
-field induced gap, in the bilayer graphene has been demonstrated theoretically
7-10
 and 
experimentally
11-14
. 
 In this letter, we study the effect of E
┴
-field on the electronic structure of multilayer graphenes. 
Generally, there are two typical ways to stack the graphene layers, i.e. ABA-stacking and ABC-stacking
15
. 
We refer ABA-stacking (ABC-stacking) graphene as ABA-graphene (ABC-grapnene). The stability, band 
structure and their dependence on the E
┴
-field of the multilayer graphenes have been examined
 
by M. 
Okaki et al.
9
  using density function theory. M. Koshino
10
 has further studied the interlayer screening 
effect in the multilayer graphenes. Here, we first examine the modification in the electronic structure of 
a bilayer graphene (AB-stacking) due to the E
┴
-field. We derive the expressions for the effective mass 
and electron velocity of the conduction band, to study the influence of E
┴
-field on these parameters. We 
further extend the study to more number of layers. Even-layer (odd-layer) ABA-graphenes show 
parabolic (both linear and parabolic) dispersions, while the ABC-graphanes has only parabolic 
dispersions. Depending on the stacking configuration and the number of layers, electric field may induce 
a finite bandgap in the graphene layers. Under E
┴
-field, a finite bandgap is induced in even-layer ABA-
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graphenes while odd-layer ABA-graphenes remain metallic. On the other hand, a finite gap is induced in 
all ABC-graphene layers. Finally, we simulate the variation of bandgap of a graphene channel in a field 
effect transistor (FET) structure and compare our results to the experimental results.  
The π-orbital tight binding (TB) Hamiltonian of an AB-stacking graphene is given by, 
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,where ( ) ( )1 20, 1 iK iKx yK K t e eλ = + + , ( ) ( )1 2, 1 iK iKx yK K t e eγ ⊥= + + ,
( ) ( )1 23, xi K iK iKx yK K t e e eη ∠= + + , ( )1(2) 3 ( ) 3 / 2x yK K K= + − , ( ) ( )x y cc x yK a k= , and the intralayer 
atomic distance acc=0.142nm. Equation (1) is derived by modifying the nearest-neighbor (NN) TB 
Hamiltonian
8,10,16
. In addition to the NN-interactions, here, we also consider the second-NN-interlayer 
(SNNI) interaction. The NN-interlayer (NN-intralayer) hopping parameter is to=2.7eV ( t⊥ =0.3eV). The 
SNNI hopping parameter is t∠ =0.14eV. The E
┴
-field across the bilayer graphene is given by, 
2 / /F U d q= , where d=0.335nm is the interlayer distance, and electron charge 191.602 10q −= × . For 
analytical discussions, we neglect the SNNI [refer Fig. 2], and thus the lowest conduction band (CB) of 
the bilayer graphene is  
( ) ( ) ( ) ( )2 22 2 2 2 4, , 2 , 4 4C x y x y x yE K K U K K t K K U t tλ λ⊥ ⊥ ⊥= + + − + +
   
(2) 
 The bandgap occurs when EC is minimum i.e. 
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Replacing (3) into (2), we can express the bandgap, 
,min2gap CE E=  as 
2
2 2
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+
. This 
sets the maximum limit of the Eg to t⊥ . The black region in Fig. 1(b), indicates the bandgap, which 
increases from zero to a maximum value as the E
┴
-field increases.  
 As the E
┴
-field increases there is also a significant change in the band structure. In graphene, 
one of the valleys where bandgap occurs is located along 
,
4
3 3y y gap
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.  As shown in Fig.1 (a),  as the E
┴
-field 
increases the bandgap occurs at a higher |Kx|. The change in the band structure also gives rise to 
interesting modifications of the electron velocity, density of state, and effective mass of the CB. The 
effective mass of the conduction electron at Kx=0,  
*
0m and at the bandgap, 
*
gapm  as well as the electron 
velocity, v are  
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, where ( )2 2 2 4( ) ( ) 4 / 4x o xK K U t tβ λ ⊥ ⊥= + + . For bilayer graphene, when F=0 the Kx,gap =0, and the 
CB has a finite effective mass, i.e. 0 0.035gap em m m= = . As the E┴-field increases, Kx,gap increases while 
the curvature of the band becomes negative (positive) at Kx=0 (Kx= Kx,gap). When a small E
┴
-field is 
applied, the 
*
0m → +∞  and 
*
gapm → −∞ . Referring to Fig. 1a(i), at the bandgap the 
*
gapm  decreases 
drastically to a finite positive value with increasing E
┴
-field. At Kx=0, as the E┴-field increases, the 
curvature gets sharper, and the difference between the first and the second conduction band, ∆ 
approaches zeros. As a result, at large E┴-field, the dispersion curve at the vicinity of Kx=0 becomes linear 
with zero effective mass (massless fermion), i.e. 
*
0 0m = . The Fig. 1a(ii) shows the electron velocity at 
positive Kx values. Due to the formation of negative curvature at Kx=0, the electron velocity of a positive 
Kx  switches from positive to negative as the field increases. The sign of the velocity changes when 
Kx,gap>Kx . Therefore as shown in Fig. 1a(ii), for larger Kx, the transition occurs  at larger E
┴
-field. 
 Next we study the effect of E
┴
-field on the multilayer graphene, with the total number of layer 
N. The results are shown in Fig. 2 and 3, where the screening effect
8,10,11,17
 is taken into account. Due to 
the screening effect, when an E
┴
-field of Fapp is applied across the multilayer graphene, the effective E┴-
field is reduced to Feff. We use a self-consistent method to compute the screened effect10. 
 The π-orbital tight binding Hamiltonian for ABA-graphene (ABC-graphene) is 
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 and Uj is the 
electrochemical potential at the j-th layer.  
 First, we consider the ABA-graphene. Neglecting the SINN, when U=0, the eigenenergies of the 
N-layer graphene is given such that 
 ( ) ( ) ( )2 22 2 2 2 2, , 2 2 ,x y x y x yE K K K K t C t C K K t Cα α αλ λ⊥ ⊥ ⊥= + ± +      (6) 
, where cos
1
C
Nα
αpi
=
+
. The α refers to the index of the subbands. For N-layer graphene, α varies from 
1 to 2N, i.e α=1,2,...,2N. When 0Cα = ( 0Cα > ), the energy band is linear (approximately parabolic) 
similar to the monolayer (bilayer) graphene. In odd-layer graphene, 0Cα =  when α=(N+1)/2, while in 
even-layer graphene, 0Cα >  for all the bands. This is shown in Fig. 2(a), where near Kx=0, a linear 
(approximately parabolic) energy dispersion is obtained for odd (even) N. For the even-layer graphene, 
as the N increases, ( 1) / 2 0NCα = + → , and thus the dispersion approaches linearity identical the 
monolayer graphene.  
 Fig. 2(b) and (c) show the effect of E
┴
-field on the lowest (highest) conduction (valence) sub-
band of the ABA-graphene. The E
┴
-field induces a finite bandgap for the even-layer graphenes. On the 
other hand, in the odd-layer graphenes the lowest conduction and the highest valence band touches at 
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the dirac point, resulting in zero bandgap, independent of the applied E
┴
-field. It can be noted that the 
effect of E
┴
-field induced bandgap on the odd (even) layer graphene is qualitatively identical to the 
monolayer (bilayer) graphene. Referring to Fig. 2(d) and (e), for the even-layer graphenes, only the 
bilayer graphene shows a significant bandgap at higher E
┴
-field. When N is larger, the magnitude of the 
induced bandgap decreases considerably. For the ABA-stacking with large stacks of N>4, the bandgap 
remains approximately zero independent of the E
┴
-field. Therefore, in a thicker ABA-stacking graphene 
the transport properties are not significantly modified by the E-field. 
 Next we study the effect in ABC-graphene. Referring to Fig. 3(a), at zero E
┴
-field, an 
approximately parabolic dispersion is obtained for all the values of N. When N increases, the curvature 
of dispersion at the dirac point (Kx=0) decreases, indicating heavier electron/hole at the dirac point. 
Unlike ABA-graphene, in the ABC-graphene, bandgap is induced for both odd and even N (except N=1). 
In general, for the ABC-graphene the bandgap increases to a maximum value, and then it decreases. The 
maximum bandgap, is the largest in the bilayer graphene, and decreases as the N increases. However, 
the optimum E
┴
-field where the bandgap is maximum, can be reduced by increasing the number of 
layer. Therefore, for small E
┴
-field, ABC-graphenes with N>2 may have larger bandgap compared to the 
bilayer graphenes. For example, as shown in Fig. 3(d), for E-field of Fapp = 0.5eV/nm, the maximum 
bandgap is obtained when the number of layers, N=3.  
 One of the important applications of the E
┴
-field induced bandgap is the use of graphene as a 
channel in FETs. The increase of bandgap at higher field would reduce the leakage current at the OFF-
state, resulting in a higher ON-OFF current ratio.  Therefore we study the effect of E
┴
-field on the 
bandgap in a dual gated FET device. For the simulation, we model a graphene based FET device as 
shown in ref. [13]. Figure 4(a) shows the structure of the device. Ref [13] shows that for the graphene 
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layers, the maximum channel resistance changes as Ub is varied from -10eV to 30eV. The change in the 
maximum resistance is attributed to the variation of bandgap due to applied E
┴
-field. In Fig. 4(a), we 
show the variation of the bandgap as a function of average displacement field, Dave. The displacement 
field is defined as Dave =(Db+Dt)/2, where Db=+εb(Ub-Ub0)/db and Dt=+εt(Ut-Ut0)/ dt. Here ε, d , and U0 
represents the dielectric constant, the thickness of the dielectric layers and Dirac offset potential due to 
the initially environmentally induced carrier doping, respectively. The values of  ε and d are shown in Fig. 
4(a), while the values for 
,t bU and 
0
,t bU are extracted from the results in ref. [13]. Referring to Fig. 4(b), the 
simulation results for the AB-stacking graphene is in a close qualitative agreement with the 
experimental results (marked by '+'). However quantitatively our simulation shows a bandgap opening 
of almost two times larger than the experimental results. The experimentally measured effective gap is 
smaller than the actual bandgap due to the additional channels for flow created by the disorders.
14 
It is 
worth noting, that, at similar bias conditions, our results are quantitatively similar to the results 
obtained through the optical measurements 
5,11
 (marked by 'x' in Fig. 4(b)). Next we replace the channel 
with the trilayer graphene. Trilayer graphene with ABA-stacking does not show any bandgap opening, 
while the ABC-stacking predicts a bandgap opening which is much larger than that obtained in the 
experimental results, as shown in Fig. 4(c). Therefore, the third layer in the experiment is most likely 
disoriented, such that the multilayer acts as a bilayer with the third, largely uncoupled, layer partially 
screening the E-field.   
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Captions 
 
Figure 1 (a) Shows the band diagram modification of a bilayer graphene along Ky=Ky,min when the vertical 
E-field is 0, 0.25, and 0.5V/nm. (b) Color map showing the DOS with increasing E-field. The black region 
indicated the bandgap. The difference between the first and the second conduction band is labeled by 
∆. Inset (i) shows the effective mass variation. m0 ( mgap) refers to the effective  mass at Kx=0 (the 
bandgap). Inset (ii) shows the conduction electron velocity at a positive Kx value as a function of F. In all 
the above results, the SINN was neglected. [v0=10
5
m/s, electron rest mass, me=9.109×10
-31
kg] 
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Figure 2 The band structure of multilayer ABA-stacking graphene, when the effective E-field (a)Feff=0, (b) 
Feff=0.25V/nm, and (c)Feff=0.5V/nm. Only the lowest (highest) conduction (valence) is shown. (d) 
Bandgap as a function of the applied E-field (Fapp) for the ABA-stacking graphene. (e) Bandgap as a 
function of number of layers for the ABA-stacking graphene. SINN is included in all the results. The 
dotted line (d) compares the result without SINN for N=2. 
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 Figure 3 The band structure of multilayer ABC-stacking graphene, when the effective E-field (a)Feff=0, 
(b) Feff=0.25V/nm, and (c)Feff=0.5V/nm. Only the lowest (highest) conduction (valence) is shown. (d) 
Bandgap as a function of the applied E-field (Fapp) for the ABA-stacking graphene. (e) Bandgap as a 
function of number of layers for the ABA-stacking graphene. SINN is included in all the results. The 
dotted line (d) compares the result without SINN for N=2. 
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Figure 4 (a) Schematic diagram of the FET device used in the simulations. The channel is made of 
graphene layers. All diagrams are not drawn in scale. The bandgap, Egap dependence on the average 
displacement field, Dave are shown for (b) number of layers, m=2 and (c) m=3. For (c) the results for two 
type of layer stacking, i.e. ABA- and ABC- stacking are shown. '+' indicates the experimental gap
 
[see ref. 
13]. 'x' indicates the gap obtained in the optical measurements [see ref. 11].  
 
 
 
